Abstract. Numerical experiments with a medium-resolution primitive equation model of the South Atlantic mean circulation are described. The results from the standard model realization indicate that the model succeeds in representing the large-scale transport and circulation features. However, a comparison with a velocity field derived from surface drifter data reveals discrepancies of the modeled velocities from the observations in magnitude as well as direction of the flow field. In order to diminish the model deviations from the data, an attempt is made to couple the model to the observations through a simple data assimilation technique. The assimilated model succeeds in improving the subtropical gyre circulation. Only a minor effect on the basin-scale integrated quantities is observed. However, the density field may be deformed as a response to the assimilation of velocity data without simultaneously adapting a corresponding density structure. The influence of the disturbance of the density structure is most prominent at the edges of the observed data set, which does not cover the entire model domain, and is confined to the upper ocean and balanced above the thermocline. We calculated a meridional heat transport that is generally in accordance with estimates from other sources. The analysis of heat and salt fluxes suggests that the model features both the so-called "warm water path" and "cold water path" in closing the global thermohaline circulation. While heat is mainly imported in surface and thermocline waters with the Agulhas Current around South Africa, it is the Antarctic Intermediate Water that compensates for more than 50% of the salt loss by the outflowing North Atlantic Deep Water.
eventually transferred into the North Atlantic to compensate for the outflowing NADW, thus closing the global thermohaline circulation cell. This schematic flow is not directly observable on its entire path because of the long timescales involved and the dilution of the water mass characteristics through mixing and water mass transformations. However, modeling the ocean circulation may lead to an identification of the prevalent path of the recirculating flow into the North Atlantic and give some clues on the control mechanisms and the stability of The model results presented in this paper fit into the latter group of models. As our main objective is the determination of In addition to a model intercomparison, model results have to be validated with observed quantities. Yet direct observations of the hydrography and flow field below the sea surface in the South Atlantic are still relatively scarce (apart from nearshore areas and the boundary current regimes). The database consists mainly of cross-Atlantic hydrographic sections and Lagrangian observations from surface drifters and subsurface floats. Thus, in the past, a validation of model results was done mainly by comparison with either climatological data sets [Levitus, 1982] or regionally available observations. In this paper we use a velocity field derived from a surface drifter data set for this purpose. Because this comparison revealed some differences between the modeled and observed flow fields, an additional step was undertaken by assimilating the velocity observations into the model, thus reducing the model-data decrepancies. This is the second aim of this work: to study the influence of the assimilation of an observed velocity field in a single model layer on the three-dimensional circulation and hydrography of the model. The paper is organized as follows: the model and the assim- 
Model
The numerical model used in this study is based on the z coordinate, primitive equations. It was developed at the Geophysical Fluid Dynamics Laboratory (GFDL) and is described by Bryan [1969] . The code was further developed notably by Cox [1984] , who adapted the model for use on vectorizing computers, and by Pacanowski et al. [1991, 1995] , who introduced the model in its modular formulation.
The reader is referred to these authors for a complete description of model physics and numerics. Table 1 . Isopycnic mixing is parameterized as described by Redi [1982] .
Processes at an open boundary are parameterized as follows: in the case of an inflow, the water mass properties at the boundary are unbiased by the interior model solution and climatological data for salinity and temperature are prescribed. For outward directed flow, model temperature and salinity are relaxed to climatological values inside a boundary layer. This extends over the five grid rows adjacent and parallel to the respective edge. At the boundary itself the tracer values are again prescribed from climatological data. An additional increase of the coefficients for diffusion and viscosity inside the boundary zone dampens outward directed disturbances and suppresses reflections at the boundary. The coefficients rise with an e-folding scale by a factor of 10 at the boundary compared with their interior values. The baroclinic flow at the boundaries is consistent with the tracer distribution, i.e., in geostrophic balance.
This rather simple boundary condition differs in many respects from the more sophisticated radiation boundary conditions [cf. Stevens, 1990 Stevens, , 1991 . In particular, it does not allow perturbations of the flow field explicitly to leave the model domain. Instead, they are dampened inside the sponge layer, close to a boundary. Reflections at the boundary may occur, nevertheless, but the penetration of a reflected wave into the model interior is unlikely because of the trapping effect of the boundary layer. However, the radiation condition has the clear advantage that the (simplified) model dynamics alone deter- Woodgate [1997] , who used simulated data for assimilation into the free-surface Bryan-Cox [Bryan, 1969; Cox, 1984] model, yielded rather discouraging results, since the assimilation in the baroclinic velocity components excites inertia-gravity oscillations with a high wave frequency that can be resolved by the baroclinic time step. Thus the model becomes numerically unstable if only velocities are assimilated in the baroclinic mode. However, the experiments that are discussed in this paper remained numerically stable for two reasons. First, we used the rigid lid approximation which eliminates the external high-frequency gravity mode. Second, as explained in detail below, the assimilation of velocity data was carried out continuously. The only time-varying part of the assimilation is a result of the model-data difference that varies (usually decreases) during the integration. Except for the onset of the assimilation when a planetary wave is generated as a barotropic response to the disturbance of the baroclinic velocity field, there are no wavelike disturbances created in the barotropic mode.
In our experiments the strength of the assimilation depends itself is usually a function of time. We drop this time dependence and apply (1) in one single model level, since we are using just one data set in one depth. Finally, the parameter rvc • is set to rv• • -6 hours. As this timescale is rather short, it is expected that the nudging term might become of the same order of magnitude as the physical terms in (1). Sensitivity experiments [Stutzer, 1997] have shown that this term does indeed dominate the nonlinear and frictional terms of the momentum balance but is significantly smaller than the leading geostrophic terms, since the density field responds only slowly to the changed advection of salinity and temperature. The strong relaxation ensures that the directly affected model level adapts closely to the imposed velocity field without causing unrealistically large disturbances of the tracer fields. The consequences of this assimilation are discussed in section 5. Results presented in this paper are obtained from two model realizations. Both were set up on the final state of a 25 year spin-up experiment that was started from an ocean initially at rest and with a tracer initialization adapted from the climatologies of Levitus [1982] and Olbers et al. [1992] . North of 30øS, the former data set was used; south of 35øS, we used exclusively the latter climatology which covers the Southern Ocean only. In the narrow zone in between, both data sets have been merged linearly. The differences between the climatologies (e.g., the Southern Ocean climatology generally resolves fronts better than the rather smooth Levitus data set) made it necessary to compute a relatively long spin-up experiment that allowed a baroclinic adjustment and adaptation of the model fields to the initial tracer distribution.
The first experiment, called the reference run, is merely a continuation of the spin-up and was integrated over an additional 10 years. Mean fields were computed using the last 5 years of that period. The second simulation, denoted the relaxation experiment, was run over 10 years, again using the last 5 years of the integration to compute annual averages. During the whole period of the relaxation experiment the observed data were assimilated as described above. The integration time is sufficiently long for the tracer and velocity fields in the upper ocean to adjust to the momentum forcing in one model layer. Most prominent, the northward erosion of the AAIW, marked by its slowly increasing salinity minimum toward the north and the accompanying decrease of the layer thickness, is reproduced by the model. The subsurface salinity maximum is attributed to the NADW that is characterized by its southward extension into the Argentine Basin. Since no restoring to climatologies of T and S has been applied below the sea surface during the integration, the model tracer fields may deviate from their initial distribution. By the end of the reference experiment, for example, the upper ocean was colder and freshet, the intermediate water was warmer and saltier, and the deep waters were slightly warmer than at the beginning of the experiment.
Drifter Data
In this section the model flow field in 90 m depth is compared to a velocity field derived from surface drifter data. Before discussing this in detail, the data set itself is briefly 
Numerical Experiments: Assimilation Experiment
The strong coupling of the horizontal velocity at one model level to a velocity field derived from surface drifter data prevents a free evolution of the flow field at the directly affected ferences between the two model realizations are small in the vicinity of the subtropical front. It follows that the horizontal gradients across the gyre and thus the barotropic velocities within it are intensified by the assimilation procedure.
Meridional Volume Transport
The thermohaline-driven meridional overturning circulation is shown in Figure 11 We conclude that the volume transports deduced from the reference and assimilation experiments agree generally well with other models of similar experimental design or comparable horizontal resolution. Remaining differences are due to different model types and deviating representations of bottom topography, surface forcing, and lateral boundary parameterizations, among others.
Meridional Heat Transport
The heat transport (Figure 13 ) derived from the model is positive (northward) throughout the subtropical and tropical South Atlantic, in accordance with most other computations. Transports ( While the inflow in the upper ocean is often confirmed in observations [Gordon, 1986, Garzoli and Gordon, 1996 ] and other models [Stevens and Thompson, 1994 
Conclusions
In this paper it has been demonstrated that a climatologically forced, limited domain, noneddy-permitting numerical model is capable of reproducing the essential characteristics of the South Atlantic mean circulation and hydrography.
The assimilation of velocity data derived from a surface drifter data set led to an improved representation of largescale features, as the structure of the subtropical warm water sphere. The meridional heat transport is consistently higher in the assimilation experiment than in the reference run, although the quantitative differences between the two model realizations are small. In accordance with most other model results, we deduced a positive (northward) meridional heat transport throughout the South Atlantic, north of 33øS. Referenced with inversely calculated estimates, the modeled heat transport is reproduced especially well in the subtropical ocean and near the equator while discrepancies arose in the tropics off the equatorial belt. On regional and local scales, however, the assimilation of velocity data proved to be problematic: the incomplete data coverage in combination with the chosen assimilation method generated strong divergences of the flow field, especially at the rim of the observed velocity field. This led to locally unrealistic tracer distributions. We believe that the patchy distribution of the observed velocities is the main reason for the local deformation of the density structure which, in turn, is due to the divergences between observations and model. Future experiments will concentrate on the assimilation of velocity data that are objectively analyzed before the assimilation. While this data preprocessing may generate additional flow patterns, it will reduce or even eliminate divergent flow.
The 
